Introduction
Cu is routinely added to practical diets at levels ranging from 100 to 250 mg/kg to serve as a fungistat in poultry rations and as a growth promotant in swine rations. The interaction between Cu and sulfur amino acids (SAA) has been studied extensively in the chick. The addition of high levels of Cu to broiler rations increases the chick's requirement for SAA (Robbins and Baker, 1980a,b) . Also, supplementary SAA in excess of that normally required for optimum growth will alleviate some of the adverse effects of Cu toxicosis in chicks Maurice, 1978, 1979; Robbins and Baker, 1980a,b) and poults (Christmas and Harms, 1979) .
Coccidiosis, a disease resulting from an infec-1 Dept. of Anita, Sci.
tion by any of the nine species of the intestinal protozoan parasite, coccidia, is an everpresent problem plaguing the poultry industry (Holt, 1968) . Coccidial infections may also cause problems in swine and ruminant production and in companion animals as well. Recently, Willis and Baker (1981a) reported that the chick's requirement for methionine was not affected by coccidiosis resulting from Eimeria acervulina infection. To our knowledge, the Cu status of the chick during coccidiosis has not been studied. However, the chick's response to Cu during a coccidial infection should be similar to that of Zn since Cu and Zn have similar chemical properties, and Zn is antagonistic to Cu, presumably at the level of ion penetration into membranes (Hill andMatrone, 1970) . It has been demonstrated that Zn absorption is decreased during the acute phase of E. acervulina-induced coccidiosis but is increased prior to and following the acute phase (Turk and Stephens, 1967, 1970; Turk, 1974) . If Cu absorption is quantitatively in'creased during coccidiosis, then high-level Cu supplementation during a coccidial infection could exacerbate the infection. The purpose of the present investigation was to study the interaction between Cu, coccidiosis and methionine.
Experimental Procedure
Male chicks from New Hampshire male and Columbian female matings were used in all experiments. Chicks were fed a corn-soybean meal diet (similar to the basal diet, table 1) from hatching to 7 or 8 d posthatching. After an overnight fast the chicks were inspected for fecal pasting and naval infection, weighed, wingbanded and allotted to treatments. Three replicates of five chicks each were selected to have the same initial mean body weight, and randomly assigned to treatments. The chicks were maintained on a 24-h constant light 989 JOURNAL OF ANIMAL SCIENCE, Vol. 54, No. 5, 1982 At the termination of all experiments the three chicks most uniform in weight within a replicate were killed by cervical dislocation. In Exp. 1 the liver and left kidney were quantitativcly removed for assessment of treatment effects on tissue weights as a percentage of final body weight. Also, the intact gallbladder with bile was removed for Cu determination. In all other experiments only the gallbladder-free half of the liver was removed. All tissue samples taken within a replicate were pooled, dried at 100 C for 24 h, weighed and, after HNO3 wet ashing, analyzed for Cu concentration by atomic absorption spectroscopy (AOAC, 1970) . The results are presented as/ag Cu/g dry tissue.
Eimeria acervulina was used in all experiments to induce experimental coccidiosis. Coccidial infections were established by crop intubation of an aqueous inoculum containing the appropriate dose of sporulated oocysts.
Uninfected control chicks received sham inoculations of tapwater. Chicks were inoculated on d O, 3, 6, 9 and 12 of each experimental period with water or sporulated oocysts. This was done in order to simulate the continuous reinfection process that is likely to occur in practical situations. The E. acervulina inoculum used was prepared in our laboratory and administered as previously described (Willis and Baker, 1981b) .
The basal diet (table 1) fed in all experiments was a conventional corn-soybean meal diet with adequate amounts of methionine, vitamins and minerals (NRC, 1977) and contained 18 mg/kg Cu. Dietary additions were made to the basal diet at the expense of cornstarch. Additional Cu was supplied in all experiments as CuSO4.5H20. Cu toxicity was established by the criteria of depressed chick performance and increased tissue accumulation of Cu compared with the respective controls.
Four experiments were conducted to investigate the effect of coccidiosis and methionine on high-level Cu additions to conventional broiler rations. In Exp. 1, two levels of Cu (0 and 500 mg/kg) and two levels of methionine (0 and .5%) were fed in the presence and absence of 2 x 10 s sporulated E. acervulina oocysts, constituting a 2 x 2 x 2 factorial arrangement of treatments. Exp. 2 was identical to Exp. 1 with aData are means of triplicate groups of five male chicks during the assay period 8 to 21 d posthatching; average initial weight was 92 g. Pooled SE for gain and gain/feed were 6.2 and 8.9, respectively. blnfected chicks (+) were inoculated with 2 X 10 s E. acervulina oocysts on d O, 3, 6, 9 and 12 of the assay, CCoccidiosis and Cu main effects (P<.01). dprovided as CuSO 4 9 5H a O.
the exception that the basal diet (table 1) was supplemented with .15% DL-methionine rather than .2%. In Exp. 3, a level of Cu (100 mg/kg) routinely added to conventional broiler rations as well as a toxic level were investigated. A 3 • 2 x 2 factorial arrangement of treatments was used. Three levels of Cu (0, 100 and 500 mg/kg5 and two levels of methionine (0 and .5%) were fed to control chicks and chicks inoculated with 4 x l0 s sporulated E. aeervulina oocysts.
Exp. 4 employed a 2 • 2 x 2 factorial arrangement of treatments with two levels of Cu (0 and 750 mg/kg), two levels of methionine (0 and .5%) and two levels of inoculum (0 and 4 x l0 s sporulated E. acervulina oocysts).
A fifth experiment was conducted to determine the effect of a coccidiostat (monensin) on E. acervulina-infected chicks fed diets high in Cu. Two levels of Cu (0 and 250 mg/kg) and two levels of monensin (0 and 121 mglkg) were fed in the presence and absence of 4 x l0 s sporulated E. acervulina oocysts, resulting in a 2 x 2 x 2 factorial arrangement of treatmerits. Chicks were allotted to treatments on d 8 posthatching and allowed access to the experimental diets as discussed above. However, the actual assay period did not start until d 12 posthatching so the chicks would have ample time to adjust to the coccidiostat before the E. acervulina challenge.
Data were analyzed by analysis of variance procedures appropriate for factorially arranged treatments (Steel and Torrie, 1980) . If treatmerit variances were heteroscedastic, then data were subjected to log transformation [In (y + 15] before statistical analysis.
Results
The results of Exp. 1 are presented in tables 2 to 4. Weight gain and efficiency of feed utilization (G/F) were depressed (P<.01)by both experimental coccidiosis and 500 mg/kg Cu (table 2). There was no coccidiosis x Cu interaction (P>.10), indicating that high level Cu feeding did not exacerbate nor lessen the severity of the coccidial infection as determined by performance data. Methionine had no ameliorative effect on the Cu toxicity in control (-5 or infected (+) chicks.
Liver weight (LW) as percentage of final body weight was increased (P<,01) by coccidiosis and numerically decreased by both methionine and Cu additions in control and infected chicks (table 3) . However, the combination of methionine and Cu together increased LW in control but not in infected chicks, resulting in a coccidiosis x Cu x methionine interaction (P<.05). Kidney weight as percentage of final body weight ( chicks. Therefore, the changes seen in tissue weight could be directly proportional to final body weight.
Liver and gallbladder Cu concentrations (table 4) were dramatically increased (P<.01) by both Cu addition to the basal diet and by coccidiosis. Coccidial infection resulted in a threefold increase in liver Cu concentration. This resulted in a coccidiosis x Cu interaction (P<.09). A doubling of the gallbladder Cu concentration was observed due to coccidiosis (coccidiosis x Cu interaction, P<.03). Methionine appeared to partially alleviate the coccidial-induced Cu deposition in both the liver and gallbladder, but the effect was not significant in either tissue. Kidney Cu concentration was not affected (P>.I) by Cu addition or by coccidiosis.
In Exp. 1 methionine had no ameliorative effect on the observed Cu toxicity. This may aData are means of three samples, each sample representing pooled tissue from three uniform birds within a replication; data are expressed as ~g Cu/g dry tissue.
blnfected chicks (+) were inoculated with 2 • 10 s E. acervulina oocysts on d O, 3, 6, 9 and 12 of the assay.
Cpooled SE for transformed data were .23 and .14 for liver and gall bladder concentration, respectively. dpooled SE was 4.29. alnfected chicks (+) were inoculated with 2 X 10 s E. acervulina oocysts on d O, 3, 6, 9 and 12 of the assay. bData are means of triplicate groups of five male chicks during the assay period 8 to 22 d posthatching; average initial weight was 97 g. Pooled SE for gain and gain/feed were 18.0 and 19.8, respectively. Coccidiosis and Cu main effects were significant (P<.01).
CData are means of three samples, each sample representing pooled tissue from three uniform birds within a replication.
dpooled SE for transformed data was .17. Coccidiosis X Cu interaction (P<.O1).
eProvided as CuSO, 9 5H~ O.
have been due to the high level of methionine supplementation (.2%) present in the basal diet (table 1) , hence masking any effect that an additional .5% methionine might have had. Therefore, Exp. 1 was repeated with the level of methionine supplementation in the basal diet decreased to .15%. The results of this experiment (Exp. 2) are presented in table 5. As in Exp. 1, gain and G/F were depressed (P<.01) by both coccidial infection and 500 mg/kg Cu. As before, coccidiosis caused a tripling of liver Cu concentration in chicks fed the high-Cu diets, resulting in a coccidiosis • Cu interaction (P<.01). Methionine was ineffective (P<. 1) in alleviating Cu toxicity in healthy or infected chicks, although a trend was evident in the healthy chicks. In Exp. 3 (table 6) 100 and 500 mg/kg Cu were investigated using a higher dose of E. acervulina infection. Coccidiosis depressed (P<.01) gain and quadrupled (P<.01) liver Cu concentration in chicks fed 500 mg/kg Cu. Cu (500 mg/kg) had no effect on performance of healthy chicks but depressed performance of infected chicks. Thus, a significant coccidiosis x Cu (linear) interaction (P<.01) occurred. The reason for the lack of a growth depression to 500 mg/kg Cu in control chicks is unknown. Cu at 100 mg/kg had no effect on performance of control or infected chicks, and coccidiosis did not appear to consistently alter liver Cu deposition at that level of Cu addition to the diet. Again, methionine was ineffective (P<.I) in preventing the Cu toxicity.
The purpose of Exp. 4 (table 7) was to assess the effects of coccidiosis in chicks fed 750 mg/kg Cu. Coccidial infection and Cu addition depressed (P<.01) chick performance, but the Cu toxicity was more severe in infected chicks. Excess supplemental methionine had no effect (P>.I) on chick performance. Liver Cu deposition in Cu-fed chicks was increased fourfold by coccidial infection compared to the controls, resulting in a coccidiosis x Cu interaction (P<.01). Methionine was partially effective (P<.05) in reducing liver Cu deposition in the control as well as in the infected chicks.
In Exp. 5 (table 8) monensin (121 mg/kg) and Cu (250 mg/kg) were fed alone or in combination to determine if the coccidiosis-induced liver Cu deposition could be ameliorated by an E. acervulina sensitive coccidiostat. Chick growth was adversely affected by coccidiosis (P<.O1) but the depression was less severe when monensin was fed (coccidiosis x monensin, P<.06). Monensin in combination with 250 mg/kg Cu improved growth of both healthy and infected chicks. Efficiency of feed utilization was depressed by coccidiosis (P<.02) and improved by monensin (P<.04) in both control and infected chicks. Cu supplementation alone had no effect (P>.I) on chick perfor- mance. Liver Cu deposition was dramatically affected by the addition of monensin to the diets of chicks infected with coccidiosis. All of the main effects (coccidiosis, Cu and monensin) and the two-way interactions were significant (P<.01); however, the more important finding is that monensin completely alleviated the coccidiosis-induced liver Cu deposition, resulting in a coccidiosis • Cu x monensin interaction (P<.01).
Discussion
The results of Exp. 1 to 4 indicated that 500 to 750 mg/kg Cu were toxic to young growing alnfected chicks (+) were inoculated with 4 • 10 s E. aeervulina oocysts on d O, 3, 6, 9 and 12 of the assay.
bData are means of triplicate groups of five male chicks during the assay period 9 to 23 d posthatching; average initial weight was 71 g. Pooled SE for gain and gain/feed were 8.1 and 18.8, respectively. Coccidiosis • Cu interaction (P<.01).
CSee footnote c table 5. Pooled SE for transformed data was .10. Methionine main effect (P<.OS). Coccidiosis X Cu interaction (P<.01). dprovided as CuSO 4 "5H20. chicks. This agrees with numerous other reports (Mayo et al., 1956; Mehring et al., 1960; Fisher et al., 1973; Hill, 1974; Poupoulis and Jensen, 1976; Maurice, 1978, 1979; Robbins and Baker, 198On,b) . However, we were unable to demonstrate that excess supplemental methionine could amelioriate the adverse effects of a Cu toxicity. This does not agree with the recent reports of Maurice (1978, 1979) and Robbins and Baker (1980a) . Part of the discrepancy may be explained by the complete SAA adequacy of our basal diet. Robbins and Baker (1980a,b) have shown that supplemental Cu will exacerbate a SAA deficiency. Therefore, the response obtained from methionine in the presence of toxic levels of Cu would be much greater if the basal diet was deficient in SAA than if the basal diet was adequate in SAA.
Another factor possibly involved in the effectiveness of methionine in preventing Cu toxicity is the inorganic sulfur content of the diet. Kline et al. (1973) , Cromwell et al. (1978) and Prince et al. (1979) have shown that sulfide will prevent liver Cu accumulation in swine fed high levels of Cu. Similarly, Robbins and Baker (1980a) reported that sulfide (1,800 mg/kg) reduced liver Cu accumulation in chicks and that methionine did not completely alleviate the adverse effects of a Cu toxicity unless the diet contained sulfide. Jensen and Maurice (1979) reported sodium sulfate (.381%) was partially effective in preventing Cu toxicity in chicks, but Robbins and Baker (1980b) could not confirm this result using potassium sulfate (.14%) in a semipurified diet. In the initial report by Jensen and Maurice (1978) methionine was completely effective in alleviating the depression in chick performance caused by 500 mg/kg Cu. The basal diet used by these researchers contained 5% poultry by-product meal, an excellent source of both inorganic sulfur and SAA. In the subsequent report by Jensen and Maurice (1979) methionine did not completely alleviate (numerically), the adverse effects on performance resulting from 500 mg/kg Cu supplementation unless the basal diet contained .1% sodium sulfate. The mechanism of action of sulfide is known. Sulfide complexes with Cu, forming insoluble cupric sulfide that prevents Cu absorption. However, the means by which sulfate is involved is not clear, although sulfate may be reduced to sulfide in the crop. The basal diet used in our experiments contained very little supplemental inorganic sulfur. This might explain a portion of the discrepancy between our results and the results of Maurice (1978, 1979) , and Robbins and Baker (1980a) .
From the results reported herein and from numerous other reports, a number of conclusions are apparent concerning the Cu x methionine interaction: 1) methionine had little effect on gizzard erosion and on abnormal proventricula caused by high-level Cu feeding (Jensen and Maurice, 1978; Robbins and Baker, 1980b) ; 2) methionine was relatively ineffective in preventing Cu toxicity caused by 750 mg/kg Cu (Jensen and Maurice, 1978) ; 3) inorganic sulfur may possibly be involved; and 4) the methionine response which prevented liver and gizzard Cu accumulation was variable (Jensen and Maurice, 1979; Robbins and Baker, 1980a,b) .
In all the experiments reported here, coccidiosis caused a dramatic increase in liver Cu stores and in some cases exacerbated the clinical signs of Cu toxicity. The severity of the coccidial infection appears to influence the magnitude of the response observed. In Exp. 1 and 2 chicks were fed 500 mg/kg Cu and inoculated with 2 x 10 s sporulated E. acervulina oocysts, and this resulted in a threefold increase in liver Cu. The same level of Cu was fed in Exp. 3 with twice the dose of coccidia and, in this instance, liver Cu concentration quadrupled. The level of Cu fed also appears to exert an influence on the severity of the coccidial-induced liver Cu deposition. Chicks fed the basal diet (18 mg/kg Cu) or 100 mg/kg Cu during experimental coccidiosis did not consistently exhibit higher liver Cu concentrations than the respective controls, whereas infected chicks fed Cu levels ranging from 250 to 750 mg/kg responsed dramatically.
The results of Exp. 5 indicate that the increased liver Cu deposition caused by coccidiosis could be alleviated by a coccidiostat. This demonstrates that the coccidia per se and not other factors present in the inoculum cause the increased liver Cu accumulation.
The increased Cu accumulation in livers of E. acervulina-infected chicks is probably due to enhanced absorption of Cu. The liver is the major storage site of Cu. Indeed, Starcher (1969) used liver Cu content to quantify Cu absorption in the chick. Turk and Stephens (1967) and Turk (1974) have addressed the phenomenon of increased nutrient absorption during coccidiosis; several factors appear to be involved: 1) increased intestinal cell permeability caused by coccidial damage to the mucosal surface; 2) slowing of the rate of passage of the ingesta through the intestinal tract during coccidiosis and 3) increased protein synthesis in healing tissue correlated with comsensatory chick growth during the recovery phase. The latter of these three possibilities may not be involved in the enhanced Cu absorption observed in this report due tothe nature of the inoculation scheme. Chicks inoculated with coccidia at 3-d intervals showed a characteristic depression in weight gain and G/F during the 4 to 6 d following initial inoculation. This depression was maintained throughout the duration of the 14-d assay period, thus not allowing a recovery phase.
The addition of high levels of Cu to conventional poultry rations is a practice becoming increasingly open to question. Davis (1974) has discussed the adverse effects of Cu on the ecology; Robbins and Baker (1980a,b) and Maurice (1978, 1979) have presented evidence that Cu interferes with the SAA status of the chick. Jenkins et al. (1970) and Fisher et al. (1973) have reported varying responses to Cu supplementation, depending upon the type of diet used. From these reports and the results presented herein, it is clear that before one decides to supplement poultry rations with Cu, careful evaluation of the SAA content of the diet must be considered. Also, the disease control and management practices employed must be carefully considered.
